In nocturnal treefrogs, mate choice implies the use of acoustic and visual signals. Multimodality is suspected to have evolved for either information redundancy or information complementariness. It is essential to explore multimodality in a natural context to understand the selection pressures operating on the signals. In the present study, we investigated calling and coloration in relation to male biometry and condition in four populations of European treefrog (Hyla arborea) varying in size and genetic isolation. We compared the signal intensity between core and satellite populations to estimate the impact of genetic diversity on male secondary sexual traits. The results obtained show important regional variations in both traits, likely as a result of local adaptations. Call and coloration are weakly correlated within an individual, implying that these traits likely convey different information about the signaller's identity or quality, thus supporting the hypothesis of complementariness of multiple messages. By contrast to the experimental evidence, we find that call and coloration are not related to male condition (as estimated by the residual of mass over size), suggesting that the condition-dependence of these traits may be mediated by complex mechanisms not accurately reflected by the chosen estimator. Finally, male call and colour phenotypes present no robust pattern of variation with isolation status, probably because of variation in local selective pressures and in history of population dynamics.
INTRODUCTION
The theory of sexual selection predicts that the choosing sex, usually the female, exerts a strong selection on secondary sexual characters of the other sex, usually the male. This selection results in conspicuous characters that are often indicators of male quality (Zahavi, 1975) . The handicap principle assumes that the reliability of these signals depends on the ability of male phenotypes to survive in good health at the same time as producing them at a high cost and a high risk of exposure to predators. The strength of selection on these costly signals can be affected by environmental noise (which alters the signal and its value for the receiver) and by the sneaking behaviour of non-negligible proportions of males present at a mating place (Partan & Marler, 1999; Shuster & Wade, 2003) . Consequently, mate choice might take advantage of redundancy by the use of different communication modalities to reduce interference with environmental noise and risk of deceptive mating (Møller et al., 1998; Candolin, 2003; Lancaster, Hipsley & Sinervo, 2009; Carazo & Font, 2010) . However, male quality is a composite parameter accounting for several components of fitness such as resistance to pathogens or physiological efficiency in a given environment. Each of these components could be assessed through specific indicators, whereas the whole male quality could be assessed through their assemblage (Møller & Pomiankowski, 1993) . Signals covarying with individual quality and correlated in their expression would indicate redundancy, whereas loose relationships would indicate complementariness (Møller & Pomiankowski, 1993; Candolin, 2003; Hebets & Papaj, 2005; Partan & Marler, 2005) . A simultaneous study of all signals is thus indispensable to understand how different communication modalities interplay.
In the general context of biodiversity loss and habitat fragmentation (Frankham, Ballou & Briscoe, 2002) , it is essential to characterize the expression of phenotypic secondary sexual traits in populations of different genetic diversity to estimate the strength of sexual selection in these populations and explore the potential effects of genetic erosion on phenotypic expression. Linking signal expression to population genetics allows us to better understand the interplay between sensory modalities and obtain insight about the evolutionary trajectories that these modalities can be involved in. By and large, it can help to better understand multimodality.
Population fragmentation (i..e. a decrease in size and/or reduction of connections with other populations) leads to a decrease in population effective size and genetic diversity. In small populations, random genetic drift is more important than selection in determining the fate of new alleles. Consequently, small populations tend to accumulate deleterious mutations (Whitlock, 2000) . Individuals from small populations are expected to show a lower fitness and a lower condition than individuals from large populations. Sexually-selected characters are costly to produce and generally condition-dependent in their expression (Andersson, 1994) . Given that average individual condition is lowered in small populations, we predict that sexually-selected characters should also be in average less intensely expressed in these populations (Booksmythe, Kokko & Jennions, 2010; Tomkins et al., 2010) , even if genes coding for sexually-selected characters may not be variable nor affected by genetic erosion. Without being necessarily variable, sexually-selected characters capture genetic variation, a mechanism that easily explains why signals are still variable in their expression in lekking species despite a strong directional selection (Rowe & Houle, 1996) . Even if we can establish clear predictions concerning the decrease in signal expression in small populations, some factors such as the quality of the local environment and their fluctuations (Bro-Jorgensen, 2010; Ingleby, Hunt & Hosken, 2010) may have a strong impact on individual condition, and may alter the effect predicted on sexually-selected characters, particularly in case of multimodality because of the potential complementariness of multiple signals.
In nocturnal anuran species, whereas acoustic signals are the most common form of communication (Gerhardt, 1994; Ryan, 2001) , recent studies have provided evidence for an important role of visual signals. Nocturnal frogs are able to perceive visual signals in very dim light (Cummings et al., 2008) and many species are sexually dimorphic in coloration (Hoffman & Blouin, 2000) . Nocturnal anurans often present a large repertoire of visual displays (Amézquita & Hödl, 2004) , some of which being involved in mate attraction and choice (Rosenthal, Rand & Ryan, 2004; Taylor, Buchanan & Doherty, 2007; Vasquez & Pfennig, 2007; Gomez et al., 2009) or in male-male competition (Hartmann et al., 2005) . The role of these visual signals remains largely unexplored. To fully unravel the communication process, it is crucial to characterize the relative expression of male secondary sexual signals in natural populations and to examine how these signals are correlated and are related to signaller's quality (Hebets & Papaj, 2005) . Such information is still lacking for nocturnal anuran species. The only studies exploring the link between male coloration and quality have not characterized the expression of other acoustic or chemical signals in males (e.g. common coquí: Burrowes, 2000; Sheldon et al., 2003; spadefoot toad: Vasquez & Pfennig, 2007; green frog: Schulte-Hostedde & Schank, 2009 ).
The European treefrog (Hyla arborea) represents a particularly interesting model species to investigate these questions for several reasons. First, sexual traits are costly in this nocturnal lek-breeding frog; they likely convey information about male quality and their expression should be negatively related to genetic erosion. Calling in anurans is energetically highly demanding (Taigen & Wells, 1985; Prestwich, Brugger & Topping, 1989; Wells & Taigen, 1989; Grafe & Thein, 2001; Wells, 2001) and several call characteristics appear to be condition-dependent in the European treefrog (Friedl & Klump, 2002) . In addition, vocal sac coloration is based on carotenoids (Richardson et al., 2009) , pigments generally considered to be honesty enhancers as a result of the cost to acquire and express them (Olson & Owens, 1998) and their expression is linked to immunological condition (L. Brepson, pers. com.). Second, male call and col-oration are both targets of female preference (Richardson et al., 2008 (Richardson et al., , 2010a Gomez et al., 2009 Gomez et al., , 2010 Richardson & Lengagne, 2010) , and this selective pressure should enhance their sensitivity to genetic erosion. Third, following the global decline observed in amphibians (Houlahan et al., 2000) , this species shows a high sensitivity to changes in land use and habitat fragmentation (Pellet, Guisan & Perrin, 2004) . Genetic bottlenecks and inbreeding have been detected in Denmark as resulting from habitat fragmentation, with an impact of genetic loss on larval traits (Andersen, Fog & Damgaard, 2004; Luquet et al., 2011) . In France, populations of H. arborea greatly vary in size and the degree of isolation, and thus expected inbreeding. Small and isolated populations are present in highly man-impacted regions, whereas large connected populations exist in less man-impacted lowlands, with a dense web of ponds and marshes (Duguet & Melki, 2003; Broquet et al., 2010) . This variety offers a valuable opportunity: (1) to examine at the population level the relationships between male sexual secondary traits (acoustic and visual signals); (2) to investigate 'redundancy' or 'multiple messages' hypotheses; (3) to detail the relationships between signals and male condition; and (4) to test the hypothesis of reduced expression of male sexual traits in small isolated populations compared to large connected ones. Accordingly, we have investigated signal traits and body mass in two pairs of core and satellite populations, differing in size, isolation, and genetic diversity.
MATERIAL AND METHODS

MALE CAPTURE
We collected individuals from four populations, two east of Lyon in the Rhone basin: a large core population at Optevoz (hereafter called LP1; 5°21′07″E, 45°45′17″N), a small satellite population at Le Cheylas (hereafter called SP1; 5°59′48″E, 45°22′53″N), and two populations south east of Paris in the Seine basin: a large core population at Neuvry (hereafter called LP2; 03°17′E, 48°26′N) and a small satellite population at Fontainebleau (hereafter called SP2; 02°38′21″E, 48°24′30″N). SP1 population is a small recently-isolated population (isolation during the second half of the 20th Century) located in the Gresivaudan valley and separated from the nearest populations by more than 10 km and impassable barriers (large towns, rivers and industrial settings). By contrast, LP1 population belongs to a plateau comprising more than 200 ponds and marshes frequented by breeding frogs. The tree frog is very common on this plateau where most of the populations are probably connected to each other. In the Paris region, SP2 consists of a small pond in the Fontainebleau forest. Although the entire forest is established on sandy soils, which induce low pH incompatible with anuran breeding, the sampled pond is the only favourable breeding site with a neutral pH offered by a limestone deposit. The large population LP2 is located in a large restored gravel pit near the Seine river, included in a dense network of gravel pits surrounded by forests and heaths where tree frogs are abundant. Genetic analyses have confirmed that genetic differentiation was lower within a region than between regions (F ST: 9-10% and 17-20%, respectively) and that satellite populations present a reduced effective size, approximately half of that of large populations (0.53 for Lyon, 0.58 for Paris; Broquet et al., 2010) .
Males were collected opportunistically during nightly choruses from mid-April to mid-May 2007. Capture campaigns were simultaneously performed in Paris and Lyon. After capture, individuals were housed in individual 10.5-L aquaria under a natural light cycle. They were able to hydrate at will with pond water and rest on branches and foliage placed in the aquarium. A total of 282 H. arborea adult males was captured: 189 in the Lyon region (64 at SP1, 125 at LP1) and 93 in the Paris region (42 at SP2, 51 at LP2). All males were released at capture site after measurement. Males from small populations were marked using transponders to make sure the same male was not captured twice. In large populations (which likely comprise several thousands individuals each), we released measured males after capturing fresh males and we minimized the number of capture events (e.g. two in Lyon, which totally ensured that we did not capture the same male twice).
COLORATION AND BIOMETRY MEASUREMENTS
We measured male coloration in three parts of the body: vocal sac, belly, and back. Vocal sac coloration is a sexually dimorphic trait and a target of female mate choice (Gomez et al., 2009 (Gomez et al., , 2010 Richardson et al., 2010a) . This sexually-selected trait is expected to be less intense in small than in large populations. Conversely, back and belly colour patches are not sexually dimorphic and they are likely more involved in camouflage. We thus expect them to be less affected by genetic erosion. Yet, the presence of carotenoids not only in the vocal sac, but also in the dorsal tegument (Lyerla & Jameson, 1968; Czeczuga, 1980 ) may possibly extend the impact of genetic erosion to back coloration. However, the effects of genetic erosion are expected to be stronger in vocal sac coloration compared to back and to belly coloration.
We measured coloration of all captured males using spectrometry, which comprises a powerful and objec-tive measurement technique. Measurements were performed the day after capture. Because capture sessions occurred simultaneously in both regions of interest, colour measures were acquired by two different observers but using similar spectrometric equipment and following the same procedure. We used an Avantes USB 3648 calibrated between 232 and 797 nm in Paris and an Ocean Optics S2000 in Lyon calibrated between 200 and 850 nm. We checked that both spectrometers gave the same reflectance measurements by using a colour chart. Except for the spectrometer, all other spectrometric devices were identical. The lamp was an Avantes AvaLight-DHS deuterium halogen light source emitting in the range 200-1500 nm. The coaxial optic fibre (FCR-7UV200-2-45) had a terminal area (2 ¥ 3 mm) cut at 45°to avoid specular reflectance and was protected by a silica window that guaranteed a constant distance between the detector and the measured patch. All spectra were taken relative to the dark and to a Spectralon white standard (Ocean Optics) and were then computed with software provided by Avantes. We took six reflectance spectra for male belly and deflated vocal sac and one spectrum for male back coloration. We averaged all spectra taken for a given region and individual before analysis.
In addition, we took photographs of individuals from the Paris region and we scored flank-stripe coloration pattern. A flank stripe with a white line underlined by a large black area was scored as 1, whereas a flank stripe with only a white line or no line at all (continuum of coloration between dorsal and ventral coloration) was scored as 0. Nine males in SP2 and 31 in LP2 were scored as 0, whereas 31 males in SP2 and 20 in LP2 were scored as 1. Males were then measured for back leg length (length between the two metatarsus, precision 0.5 mm) and for body mass (precision 0.1 g). All males were then released at the capture site. Body condition was assessed as the residual of the regression of mass over leg length for each population separately.
CALL RECORDING
We measured male call characteristics by recording their acoustic response to a chorus playback in an indoor experimental room. This investigation was conducted in a subset of 88 males (24 for SP1, 20 LP1, 21 for SP2, and 23 for LP2). At dusk, males were placed in the dark with a chorus playback for at least 30 min for habituation. They were then placed in individual 100-cm 3 wire cages located in a dark soundproof room with the same chorus playback as acoustic stimulation. We performed call recordings from one hour after dusk until the end of nightly calling activity, around midnight. The experimental room had many windows to ensured that it received natural lighting (artificial lighting was not used). Call recordings were performed with controlled temperature (21-24°C), which was the same for all four populations. Frogs are known to call in the temperature range 4.5-30°C (Friedl & Klump, 2002;  T. Lengagne, unpublished data) and air temperatures of 21-24°C were frequently encountered late April to May in the study regions. We know that call properties are sensitive to temperature and that this sensitivity varies at large geographic scale (e.g. Portugal, France, Greece, and Israël; Schneider, 1974) . In the absence of data for the study populations, we controlled for temperature to minimize these potential effects, which we anticipated to be greater at regional scale but probably minimal among populations within a region. Each male was recorded at the beginning of the night for a period of 15 min (hereafter called sequence) using a Sony ECM-T6 directional microphone connected to a soundcard Tascam US 144 and a notebook computer (recording software: COOL EDIT PRO, Sampling frequency of 16 kHz). This 15-min duration appeared to represent a good sampling duration because females best distinguish among males by assessing their performance for 4-14 min in the grey treefrog Hyla versicolor (Schwartz, Buchanan & Gerhardt, 2002) . Each male was then replaced in its aquarium and recorded approximately 2 h later, at the end of the nightly calling activity. Recording two call sequences for each male allowed us to account for possible time effects on male performance. We analyzed the sequence with the highest call rate (i.e the highest call investment Richardson et al., 2008) . We analyzed a total number of 106 656 calls per population for LP1, 54 045 for SP1, 78 534 for LP2, 85 959 for SP2. In this species, mating calls are produced in series named bouts ( Fig. 1) , which usually contain between ten and 30 calls. From the best sequence, we extracted the main acoustic parameters using Avisoft SASLAB: call rate (calls s -1 ), call duration (ms), bout duration (s) main frequency (frequency with the highest energy, in Hz), and intrabout call rate (calls s -1 ). Call variables showed different scales of variations [coefficient of variation (CV) inter-individuals for call rate = 0.35, bout duration = 0.23, call duration = 0.17, average intrabout call rate = 0.13, dominant frequency = 0.08 when considering all populations together]. The larger variation observed on call rate compared to dominant frequency has already been reported in previous studies (Morris & Yoon, 1989; Gerhardt, 1991) . Although the dominant frequency was not highly variable among males, we kept this measure because it is generally related to male biometric indices.
COLOUR DATA ANALYSIS
We analyzed male belly, back, and vocal sac reflectance spectra using AVICOL, version 4 (Gomez, 2010). Because we were interested in characterizing signal expression, we chose to analyse spectral shape by extracting brightness, chroma, and hue, which are the three parameters commonly used in coloration studies (Doutrelant et al., 2008) . We did not choose to compute a physiological model because, although colour vision is suggested for the treefrog (Gomez et al., 2010) , the exact mechanisms are still unknown and models quantifying discriminability are not validated for restricted light conditions (Vorobyev & Osorio, 1998) . We computed the colour descriptors over the range 350-700 nm, which was likely best suited to the frog range of sensitivity (Kennedy & Milkman, 1956) . We computed brightness (mean light intensity) as the mean reflectance over this range, chroma (spectral purity) as the difference between maximal and minimal reflectance divided by the average reflectance, and hue as the wavelength at maximal slope. Colour variables showed different scales of variations among captured individuals (CV < 0.05 for hue, CV > 0.20 for chroma, CV > 0.17 for brightness for all colour patches measured). Hue did not show any substantial variation among individuals; consequently, we retained only chroma and brightness to characterize male coloration. A more intense coloration was characterized by a higher chroma and, depending on the correlations between chroma and brightness within a colour patch, by a higher or lower brightness.
STATISTICAL ANALYSIS
We assessed spectrometric measurement repeatability by computing Kendall's coefficient of concordance on the measurements of belly and vocal sac, for each capture region separately. All measures were found repeatable for Paris (N = 92, W > 0.606, associated c 2 > 330.6, P < 0.001) and Lyon regions (N = 187, W > 0.68, associated c 2 > 636.4, P < 0.001). We conducted a series of linear multivariate analysis of covariance (MANCOVA) models to analyse male phenotype in relation to geographical variations. All models controlled for two factors, namely the region and the nested factor of the population within the region. The factor region had too fewer levels to be considered as a random factor and including both population and region as fixed factors in a nested design allowed us to finely describe the variations of male phenotype at both regional and local scales. We first estimated male body condition as the residuals of the analysis of covariance (ANCOVA) relating body mass to hind legs length, with region and population within region as factors. We then considered chroma and brightness variables from different body locations to reflect male colour phenotype; similarly, we considered acoustic variables extracted from call recordings to reflect male call phenotype. Consequently, we incorporated all the variables describing a phenotype (visual or acoustic) in a multiway nested MANCOVA to examine whether male coloration could be explained by geographical factors (region and population within region) after controlling for biometric covariates (body mass, body length, and condition). We incorporated all the males that had been measured for the tested phenotype. Starting with a model testing main and quadratic effects of all factors, we progressively simplified it until retaining only the significant factors. Effects on each variable were then investigated in ANCOVAs. Correlations between dependent variables were obtained from the residual correlation matrix. Finally, we restricted the dataset to males from the Paris region to test whether the flank-stripe pattern could explain some variations in male coloration and proceeded as above, also including flank-stripe score as a factor in the initial model. Statistics were performed using R, version 2.11.1 (R Development Core Team, 2008) .
RESULTS
BIOMETRIC VARIATIONS
Male leg length did not significantly vary among regions (P = 0.99) and among populations in the Paris region (P = 0.57; for population values, see Table 1 ). Nevertheless, males were shorter in the small population compared to the large population in Lyon (SP1: 32.4 ± 2.8, LP1: 35.6 ± 2.4, P < 0.0001). After correcting for variations of leg length, male body mass significantly varied among populations within a region but not among regions. Males were lighter in the small population compared to the large population in Lyon (SP1: 4.6 ± 1.0, LP1: 5.9 ± 0.8, P < 0001) but heavier in the small population compared to the large population in Paris (SP2: 6.5 ± 0.6, LP2: 5.3 ± 0.9, P < 0.0001).
COLOUR VARIATIONS
Male colour phenotype significantly varied across regions and populations within a region (for population values, see Table 1 ) but was not significantly related to male body mass, body length or body condition (Table 2) . Compared to males from Lyon region, males from the Paris region had a darker and more chromatic belly and back coloration. Within the Paris region, males from the small population had a less chromatic vocal sac, and a darker and less chromatic back coloration than males from the large population. The reverse was found for the Lyon region. At an individual scale, a darker vocal sac was associated with a more chromatic vocal sac and a darker belly; a darker back coloration was associated with a less chromatic back and a darker belly. Finally, a more chromatic vocal sac coloration was associated with a more chromatic belly (Table 3) .
Regarding the variations between flank-stripe pattern, coloration, and biometry (in the Paris region only), we showed that, compared to males from the large population, males from the small population displayed darker and less chromatic back, as well as Correlations between colour variables were obtained from the residual matrix of the model used in Table 2 . Bold values are significant P-values. *P < 0.05; **P < 0.01; ***P < 0.001. a more chromatic belly. Males with large flank-stripe showed a paler and less chromatic vocal sac, darker and less chromatic back coloration, and a more chromatic belly. Some colour variations with flank-stripe pattern depended on the population considered: the paler vocal sac was only detected in the large population, whereas the less chromatic back was only detected in the small population. In addition, longer males showed paler belly coloration.
CALL VARIATIONS
Male call phenotype significantly varied across regions, populations within a region (for population values, see Table 1 ), and with body mass (Table 4) . Males from the Paris region had a longer bout duration, a longer call duration, a lower average intrabout call rate, and a lower frequency. Within the Lyon region, males from the large population showed a higher call rate than males from the small population. The opposite was found for the Paris region. The dominant frequency was negatively correlated with body mass in both regions. At an individual scale (Table 5) , males with a higher average intrabout call rate had a higher call rate and a shorter call duration. Males with a lower dominant frequency had a lower average intrabout call rate and a longer call duration.
RELATIONSHIP BETWEEN CALL AND COLORATION
We found that populations with a lower dominant frequency showed a more chromatic coloration (Table 6) . Populations with a lower intrabout call rate showed more intense belly coloration (darker and with a higher chroma) and higher back chroma Correlations between call variables were obtained from the residual matrix of the model used in Table 4 . Bold values are significant P-values. *P < 0.05; **P < 0.01; ***P < 0.001.
( Table 6 ). After removing region and population effects, we found that, within a given male, acoustic and colour traits were not correlated (two-by-two correlations not significant with r < 0.195, P > 0.07; except bout duration -vocal sac brightness: r = 0.213, P < 0.05; Table 6 ).
DISCUSSION
RELATIONSHIP BETWEEN SECONDARY SEXUAL
SIGNALS AND BIOMETRY
Regarding calls, we found that dominant frequency was inversely related to body mass. This relationship has already been found in H. arborea (Friedl & Klump, 2002; Richardson et al., 2010b) and appears to be a general rule in anurans (Morris & Yoon, 1989; Robertson, 1990; Gerhardt & Huber, 2002; Pfennig & Tinsley, 2002; Giasson & Haddad, 2006) . Apart from frequency, no other call characteristic relates to male size or body mass and they appear to be independent of male condition as estimated by the residual of the regression of body mass over size. Yet, experimental studies clearly demonstrate that calling is a highly costly activity for males (Prestwich et al., 1989; Grafe & Thein, 2001; Wells, 2001) . In addition, call characteristics (low dominant frequency, high call rates, calls of long duration, high calling effort) are typically attractive features that are generally preferred by females (Gerhardt & Huber, 2002; Richardson et al., 2008 Richardson et al., , 2010b , suggesting that calling properties likely inform females about male quality. Regarding coloration, our results show no relationship between male coloration and male size, mass or condition, except for a positive correlation between belly brightness and male body size in the Paris populations. Yet, male coloration, at least on vocal sac, potentially conveys reliable information about male quality, as suggested by our recent findings in H. arborea. The experiments that we conducted on female choice established a preference for intense vocal sac coloration (Gomez et al., 2009 (Gomez et al., , 2010 Richardson et al., 2010a) . By increasing the visual contrast with the vegetation background, male intense coloration can help females locate potential mates at the breeding site. This coloration is based on carotenoids (Richardson et al., 2009) , which are pigments generally considered to be costly to acquire and express (Olson & Owens, 1998) and valuable indicators of male health (McGraw & Hill, 2000; Faivre et al., 2003) . Echoing our results, coloration has been shown to relate to male quality, survival, and reproductive success (Hedengren, 1987; Sheldon et al., 2003) but not male condition (Ries et al., 2008) in the moor frog (Rana arvalis). The link between coloration and male size or condition appears particularly inconstant: being absent in Rana temporaria (Sztatecsny et al., 2010) and positive in Scaphiopus couchii or Rana clamitans (Vasquez & Pfennig, 2007; Schulte-Hostedde & Schank, 2009) or to depend on which population is considered in Hyla squirella (Buchanan, 1994) .
Sexual signals (i.e. call and coloration) have been experimentally shown to indicate male quality. Yet, both are apparently not linked to condition. The present study outlines the potential inaccuracy of the residual of mass over size as an indicator of condition. Correlations between colour variables were obtained from the residual matrix of the model used in Table 2 . Bold values are significant P-values. *P < 0.05; **P < 0.01; ***P < 0.001. P-values are not corrected for multiple correlations. Correlations are among raw variables or among residuals.
Calling performance may not translate into variations in body condition if males differ in their pattern of energy allocation between body condition and vocalization. Despite being likely better foragers, highquality males may not gain weight if they invest any excess energy, above their basic maintenance requirements, to produce expensive calls (Tarano, 2001) . Consequently, physiological efficiency and chorus attendance may be the best predictors of male fitness (Friedl & Klump, 2005) . Future studies should aim to explore these indices of quality and relate them to multimodal sexual signalling.
RELATIONSHIP BETWEEN CALL AND COLORATION
Except for the positive correlation between vocal sac brightness and bout duration, acoustic and visual signals are poorly correlated within a male. This independence in expression suggests that these signals may function as 'multiple messages', conveying complementary information about male quality.
The results of the present study agree with the conclusions of the majority of studies conducted on multiple traits in various groups of vertebrates (Candolin, 2003) . Redundant signals may be less common than multiple messages or their informative content may not concern mate quality. Determining the informative content of each sensory modality and the interaction between modalities requires experimental testing (Partan & Marler, 2005) . A series of mate choice experiments have been conducted on the interactions between visual and acoustic signals in the treefrog. Richardson et al. (2010a) have reported that females show a consensual preference for the combination of attractive features for call and coloration over the combination of unattractive features for call and coloration. Nevertheless, they show no preference between a male with attractive call but unattractive coloration and a male with attractive coloration but unattractive call (Richardson et al., 2010a) . This indicates that call is not assessed in priority but that both call and coloration are important for female choice.
VARIATIONS IN MALE TRAITS AT REGIONAL SCALE
The present study reveals important variations in male visual and acoustic traits among populations. Interpopulation variations have been demonstrated in various amphibian species for male advertisement call (Littlejohn & Roberts, 1975; Ryan & Wilczynski, 1991; Hasegawa, Ueda & Sumida, 1999; Lougheed et al., 2006; Ohmer, Robertson & Zamudio, 2009 ) and male coloration or colour patterns (Hoffman & Blouin, 2000; Ohmer et al., 2009; .
Except for back coloration, which varies both at local and regional scale, there is a clear dissociation between the parameters varying at regional scale (belly coloration, call duration, average intrabout call rate, and dominant frequency) and the parameters varying at local scale (vocal sac coloration, call rate).
To explain variations at regional scale, we can evoke environmental or genetic variations. The phenotypic differentiation among populations could result from selection operating differentially on male phenotype according to local conditions (i.e. environment, interspecific competition, species recognition, female mate choice pressure), as suggested by the unrelated evolutions of phenotype and genetic markers (Ryan, Rand & Weigt, 1996; Hasegawa et al., 1999; Ohmer et al., 2009; . It could also result from genetic drift, as suggested by the correlation with genetic differentiation at neutral loci (Wycherley, Doran & Beebee, 2002a , 2002b .
Concerning acoustic signals, interpopulation variations may arise from environmental factors such as water temperature (Gerhardt & Mudry, 1980) , local acoustic competition with other species at the breeding site (Amezquita et al., 2006) or from background acoustic noise (Hödl & Amézquita, 2001; Lengagne, 2008) , which vary between populations. For example, water temperature is known to affect male call properties in H. arborea (Schneider, 1974 (Schneider, , 1977 Friedl & Klump, 2002) but also in other anurans (Hyla cinerea: Gerhardt & Mudry, 1980; Prestwich, 1994; Crinia signifera: Wong et al., 2004) , irrespective of female preferences for male call properties (Gerhardt & Mudry, 1980) . Temperature and acoustic background vary among natural populations. Nevertheless, working under experimental conditions with the same range of temperature, the same background noise (provided by a recording played-back by loudspeaker at the same level), we probably reduced the influence of environmental conditions on signals emitted by males. However, acoustic displays are also strongly influenced by male genotype. Indeed, studies concerning heritability of signal parameters as well as those performed on hybridization have shown a strong link between genetics and many sexual displays characteristics (Dewinter, 1992; Collins et al., 1999; Deregnaucourt, Guyomarc'h & Richard, 2001; Lengagne, Plenet & Joly, 2008) .
Concerning visual signals, it is interesting to examine the results in light of the predictions formulated (see Material and methods). Belly and back coloration are likely selected for camouflage (e.g. countershading or background matching; Gomez & Théry, 2007) . Back coloration is a highly plastic trait in frogs (changing within 1 day in H. arborea Nielsen, 1980;  or less in Hyla crucifer Kats & Vandragt, 1986; or Bufo luetkenii Doucet & Mennill, 2010) . Individuals are able to change coloration to match background brightness (Nielsen, 1980; Kats & Vandragt, 1986) or to choose a microhabitat close to their own coloration (Morey, 1990) , resulting in a reduced predation risk (Tordoff, 1980; Morey, 1990) . It is not unexpected that back and belly coloration show variation among populations.
VARIATIONS IN MALE SEXUAL SIGNALS WITH
POPULATION STATUS
Acoustic or visual traits show no clear-cut pattern of variation with population status, core or satellite. In the Lyon region, males from the core population have a higher call rate but a less intense vocal sac coloration compared to males from the small population, whereas the opposite occurs for the Paris region. The results of the present study fit the predictions (i.e. that signal expression should be reduced in small populations) for call but not coloration in Lyon, and for coloration but not call in Paris.
Despite the absence of clear-cut common pattern, we observe that variation with population size is observed on vocal sac coloration or call rate, for which no regional variation was observed, suggesting that these characters may be more sensitive to genetic erosion than other characters. Call rate is a target of female preference in most species studied to date (Sullivan, 1983; Passmore, Bishop & Caithness, 1992; Gerhardt, 1994; Benedix & Narins, 1999; Taylor et al., 2007; Richardson et al., 2008 Richardson et al., , 2010b and is often related to reproductive success (Sullivan, 1983; Lopez & Narins, 1991; Passmore et al., 1992) . Call rate has been found to relate to mating success in Hyla intermedia (Castellano et al., 2009) but not in H. arborea (Friedl & Klump, 2002) . In addition, we recently showed that vocal sac coloration is also a target of female preference in H. arborea (Gomez et al., 2009 (Gomez et al., , 2010 Richardson et al., 2010a) .
The fact that we observe variation with population size also for back coloration and always in the same direction as for vocal sac coloration suggests that local populations may strongly differ in the selective pressures for camouflage, leading to different back coloration. Nevertheless, we do not observe variation in belly coloration whereas this patch is also selected for camouflage. We propose an alternative explanation: carotenoid expression may be generally affected and mirrored not only in vocal sac coloration, but also in back coloration, as we had predicted based on the biochemical compounds involved in vocal sac and back but not belly coloration (Lyerla & Jameson, 1968) .
The absence of clear-cut pattern of phenotypic erosion on male phenotype may occur for different reasons. First, and most importantly, the estimator 'population status' may be insufficient to characterize the level of expected inbreeding depression. Genetic analyses performed on the populations revealed a reduced genetic diversity at neutral loci in satellite populations compared to core populations in each region, as shown by H S values of 0.546 versus 0.583 for the Paris region, and of 0.401 versus 0.455 for the Lyon region (Broquet et al., 2010) . Yet, this genetic loss at neutral loci may not concern complex traits. By contrast to what is predicted from neutral theory, inbreeding or founder-flush regimes can increase genetic additive variance for complex traits (Meffert, Regan & Brown, 1999) . The knowledge of the history of population dynamics (severity and length of duration of bottleneck episodes), of the existence of inbreeding avoidance mechanisms, and of the relative intensity of selection on sexual traits in the different populations would help to decrypt the patterns of male phenotypic traits that we observed in the present study. We can suspect that the satellite population in the Paris region has been isolated for a long time because the causes of isolation lay in geological features (although we do not know the colonization date of this site). By contrast, we know that the isolation of the satellite population of the Lyon region is related to the strong anthropogenic modifications of the landscape that occurred in the 20th Century that have led to probable repeated population foundations (as deduced from the analysis of historical aerial photographs; L. Favre, unpublished data). Although a process of local adaptation is conceivable in the former population, it is not likely to have occurred in the latter.
Second, populations may differ with respect to the intensity of selection on sexual traits, resulting in a difference in susceptibility to inbreeding. For example, guppy populations differing both in male coloration and female preference for male colour traits show variable effects of inbreeding. Inbreeding affects male traits only in the population where they are more strongly selected: most are expressed in males and are the preferred targets of female choice (Sheridan & Pomiankowski, 1997) . This might explain the observed pattern if: (1) regions differ in their relative expression of call and colour traits (call more expressed than colour in the Lyon region, with the opposite for for the Paris region); (2) females show preferences for the most strongly expressed traits in each population. The present study shows little support for the first point. At the population scale, a more intense coloration is related to a lower intrabout call rate, which might suggest a trade-off between investment in coloration and call. However, a more intense coloration is also related to higher call duration, which is rather contradictory to this pattern. It would be interesting to explore female relative preference for acoustic and visual signals in the study populations to test the above hypothesis. To date, female mate choice preferences have only been tested for the large Lyon population (Gomez et al., 2009 (Gomez et al., , 2010 Richardson et al., 2010a) .
Third, selection may have been sufficiently strong to mask or even counteract the potential effects of reduction of genetic diversity on male traits. For example, Meffert et al. (1999) demonstrated that a strong selective pressure can lead different housefly founder-flush populations to convergent evolutionary trajectories, thus diluting the effects of transient divergence in courtship repertoires or female mating preferences.
Finally, variations in male phenotype between populations may reflect variation in population age structure more than population size. Population age structure has been shown to vary annually, in particular in small populations of H. arborea (Friedl & Klump, 1997) . Although male calling properties relate to male age in Cophixalus ornatus (Felton et al., 2006) , it is not the case for H. arborea (Friedl & Klump, 2002) . In addition, the day of first calling activity is not related to age (Friedl & Klump, 2005) . These arguments support our assertion that, even if populations may differ in age structure, age likely has little impact on the observed variation in male phenotype. However, we decided not to sample finger bones because of the possible negative impact of such an amputation on survival.
CONCLUSIONS
The present study clearly shows that male call and coloration are expressed independently, suggesting that they provide complementary information about male quality. By contrast to experimental evidence showing that, in the European treefrog, call and vocal sac coloration are likely good indicators of male quality and condition, the present study reveals no relationship between level of sexual signalling and individual condition, as estimated by the residual of the regression of body mass over size. This is probably because the residual of the regression of body mass over size is not a good indicator of condition in that species. Beyond regional variations of coloration, we did not detect clear relationships between signal quality and population status (satellite versus core), probably because isolation might result from different histories and involves multiple processes and because localized selection pressures, and their fluctuations may mask possible inbreeding effects on character expression. Experiments performed under controlled conditions are needed to disentangle the variations of call and coloration that are a result of inbreeding depression or local adaptation.
